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Abstract 
Failing injectors are one of the most common faults in diesel engines. The severity 
of these faults could have serious effects on diesel engine operations such as engine 
misfire, knocking, insufficient power output or even cause a complete engine 
breakdown. It is thus essential to prevent such faults from occurring by monitoring 
the condition of these injectors. In this paper, the authors present the results of an 
experimental investigation on identifying the signal characteristics of a simulated 
incipient injector fault in a diesel engine using both in-cylinder pressure and 
acoustic emission (AE) techniques. A time waveform event driven synchronous 
averaging technique was used to minimize or eliminate the effect of engine speed 
variation and amplitude fluctuation. It was found that AE is an effective method to 
detect the simulated injector fault in both time (crank angle) and frequency (order) 
domains. It was also shown that the time domain in-cylinder pressure signal is a 
poor indicator for condition monitoring and diagnosis of the simulated injector fault 
due to the small effect of the simulated fault on the engine combustion process. 
Nevertheless, good correlations between the simulated injector fault and the lower 
order components of the enveloped in-cylinder pressure spectrum were found at 
various engine loading conditions. 
Key words: Condition monitoring, diagnosis, diesel engine, injector fault, acoustic 
emission, pressure analysis, envelope analysis, order analysis 
 
1. Introduction 
Diesel engines are a critical category of machinery in industry today. They are used to 
generate powers in marine offshore platforms, ships, mining and construction sites, and are 
used as emergency power generators by various industries including plants, hospitals and 
telecommunications. Reliability of a diesel engine is a key issue in these applications. For 
instance, an unpredicted engine breakdown in a submarine can compromise an entire 
military mission. To minimize and prevent unpredicted engine breakdowns, the operating 
and health condition of a diesel engine needs to be monitored continually, and a diagnostic 
algorithm enabling an accurate detection of the faulty mechanical component of an engine 
when a fault developed needs to be implemented. Condition monitoring is a technique 
frequently employed to monitor the operating state and health of a machine, and to detect 
potential mechanical failures before they become a functional failure. It is widely adopted 
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in industry nowadays to improve reliability of mechanical systems and to prevent 
unforeseen machinery or structural failures.  
Typical condition monitoring techniques include vibration analysis(1-5), oil and wear 
particle analysis(6-8), in-cylinder pressure analysis(9-11), instantaneous crank angular speed 
(IAS)(12-15) and acoustic emission (AE) technique(5,16-23). Oil and wear particle analysis is 
often applied to detect wear-related problems of a diesel engine which can provide a direct 
indication of the severity of a worn mechanical component inside the engine according to 
the number, shapes, sizes, compositions and other characteristics of wear particles. 
In-cylinder pressure analysis measures the signal from the pressure sensor installed directly 
into a cylinder to monitor the engine combustion performance and the related faults. 
However, applications of the method are limited by the intrusive nature of the technique 
which is often impractical in industry applications. Recently, instantaneous crank angular 
speed (IAS) technique which utilizes the crank angular speed variation caused by the gas 
pressure torque produced by engine combustion, has been successfully employed as an 
alternative non-intrusive technique to monitor the diesel engine performance(13) and 
combustion related faults(14). It was also used to detect the torsional vibration of diesel 
engine shaft(15). However, the performance of IAS technique varies between applications 
and was found to be only effective for condition monitoring of diesel engines with relatively 
small number of cylinders(15). Large multi-cylinder engines usually have high inertia, 
overlapping combustion events and shaft torsional vibration. These factors affect an 
accurate engine fault diagnosis(19). Vibration method, on the other hand, is a 
well-established and one of the most widely employed techniques for machine condition 
monitoring. It is frequently employed to monitor the overall performing of diesel engines 
and the auxiliary devices(2-5). However, applications of vibration technique for diesel engine 
condition monitoring is severely hindered by the relatively low signal energy generated by 
incipient engine faults and the more dominant high energy vibration from auxiliary devices 
and mechanical events of the engine itself. Condition monitoring of diesel engines using AE 
is a relatively new technique which has gained a widespread attention in the last decade or 
two due to its ability to produce excellent signal quality (high signal to noise ratio) in a 
noisy diesel engine operating environment. AE has been employed successfully to detect 
exhaust valve leakage(20), fuel injection problem(21), combustion performance(22) and wear 
and scuffing caused by piston ring/cylinder liner interaction (16,23).  
Faults in a diesel engine can be generally classified into two groups, i.e., combustion 
related faults and non combustion related faults. Combustion related faults include faults in 
fuel injection system, inlet/exhaust valve system and cylinder/piston system. Non 
combustion related faults include faults in all auxiliary devices such as turbocharger, 
bearing, gear, oil supply system, cooling system and electronic control units. Engine 
misfire, knocking, insufficient power, overheating, poor fuel efficiency, excessive noise and 
vibration, excessive exhaust smoke, engine not starting are some of the most common fault 
symptoms of a diesel engine. The fault symptoms and their related signal patterns can be 
employed to diagnose and identify the faulty component of a diesel engine. However, diesel 
engine faults normally do not occur in a short timeframe. Simulation of typical engine 
faults, particularly combustion related faults in a control manner is thus vital for diesel 
engine condition monitoring and fault detection. To this end, one of the most common 
combustion related faults, an injector fault was simulated in the experimental investigation 
presented in this paper. Acoustic emission technique and the more traditional in-cylinder 
pressure method were employed to monitor the simulated fault. Signal patterns relating to 
the simulated fault in both time and frequency domains at various engine loading conditions 
are presented and discussed in this paper. 
Section 2 of this work presents a brief description of the diesel engine test rig used in 
the study and the experimental setup for the injector fault simulation. Section 3 provides an 
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analysis and some insightful discussions of condition monitoring signals acquired by the 
acoustic emission and in-cylinder pressure sensors. Also included in this section is a brief 
description of the event drive synchronous averaging technique employed in the study to 
average the quasi-periodic signal of the diesel engine in time domain. Signal patterns of the 
simulated injector fault in both crank angle and order domains are characterized and 
discussed. Section 4 summarizes the main findings obtained from this experimental 
investigation. 
2. Description of the diesel engine test rig and the experiment setup 
A diesel engine test rig as shown in Fig. 1 was employed for the fault simulation in the 
experimental study. The engine is an in-line 4-stroke, 4-cylinder diesel engine, which is 
commonly used for power generation in remote construction sites. The engine generates 
about 15kW of nominal power output at the full load condition. During the experiment, the 
power outlet of the diesel engine generator set was connected to a three-phase 15kW 
industrial fan heater. The fan heater has three heat settings at 5kW, 10kW and 15kW, which 
were adjusted during the 
experiment for different engine 
loadings. The engine 
specification is shown in Table 
1. 
Four resonance type 
acoustic emission (AE) sensors 
were attached on the engine 
block close to each of the four 
cylinders by aluminum sensor 
holders as shown in Fig. 1. A 
high temperature pressure 
sensor was tightly fitted into 
Cylinder 1 through a pre-drilled 
hole. Other sensors installed on 
the test rig include an industrial type piezoelectric accelerometer which was stud mounted 
on the engine block close to Cylinder 1, and a combined encoder and Top Dead Centre 
(TDC) recorder unit which was attached at the end of the crankshaft next to the flywheel for 
instantaneous angular speed measurement and the recording of cylinder TDC positions. The 
flywheel is to reduce the engine speed fluctuation, particularly at the unload condition. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Specification of the diesel engine 
Perkins 404C-22 engine data 
Number of cylinders 4 
Arrangement In-line 
Running speed 1500 rpm 
Bore 84.0mm 
Stroke 100.0mm 
Displacement 2.216 litres 
Compression ratio 23.3:1 
Firing order 1-3-4-2 
Injection timing (estimated) 15 degrees (+/- 1 degree) before TDC 
Exhaust valve open (measured) 143 degrees after TDC 
Exhaust valve close (measured) 370 degrees after TDC 
Inlet valve open (measured) 354 degrees after TDC 
Inlet valve close (measured) 584 degrees after TDC 
 
 
Fig. 1 Graphical illustration of the 4 stroke 4 cylinder diesel 
engine test rig and the attached sensors. 
PAC Micro-30D AE sensors
Kistler High Temperature 
Pressure sensor 
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A schematic illustration of the data acquisition setup and the instrumentation used in the 
experiment is shown in Fig. 2. A National Instrument (NI) data acquisition card, which has 
a maximum sampling frequency of 500 kHz and can acquire data synchronously for up to 
16 channels, was used for the data acquisition. A uniform sampling frequency at 30 kHz 
was used in the experiment. It is noted that only the in-cylinder pressure data and AE Root 
Mean Square (RMS) data (calculated at real time by a PAC wideband amplifier) from the 
AE sensor attached next to Cylinder 1 are presented and analyzed in this paper. 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Schematic illustration of the data acquisition setup in the experiment 
 
After establishing 
the baseline information 
of the diesel engine test 
rig at various loading 
conditions, a simulated 
faulty injector as shown 
in Fig. 3 was implanted 
into Cylinder 1 to 
simulate an incipient 
injector fault. In this 
simulation, the pintle 
head of the injector in Cylinder 1 was partly ground off to simulate a defect in fuel 
spreading pattern during injection of the cylinder. The effect of such defect on fuel injection 
and engine combustion performance is examined in this paper by comparing the in-cylinder 
pressure and AE RMS signals to the corresponding baseline data obtained at normal engine 
operating conditions in both time (crank angle) and frequency (order) domains.  
3. Results and Discussion 
To enable a direct comparison of signals at various engine operating conditions in time 
domain, an event driven synchronous averaging technique was employed in the signal 
post-processing to eliminate the noise in the signal, and to minimize the effect of engine 
speed variation and amplitude fluctuation on the analysis and interpretation of the condition 
monitoring data. 
3.1 Event driven synchronous averaging technique 
A major challenge of analysing diesel engine condition monitoring data in time domain 
is the averaging of quasi-periodic diesel engine signals causing by engine speed variation. 
The amplitude fluctuation at different engine cycles also complicates the analysis. To 
overcome this difficulty, an event driven synchronous averaging technique was employed in 
the study. In doing so, the measured time waveforms were averaged synchronously where 
the averaging process was triggered and correlated directly to major mechanical events of 
the engine at each engine cycle. Data padding was employed at time instances where there 
 
 
Fig. 3 Pictures of the normal and the simulated faulty injectors. 
Normal injector 
Pencil lead 
Pintle head ground off 
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were little activities in the signal for short engine cycles to overcome the non-uniform data 
length problem in each engine cycle. Fig. 4 compares the raw and synchronous averaged 
in-cylinder pressure signals for a complete engine cycle at the engine unload condition. Fig. 
5 shows the raw and synchronous averaged AE RMS signals for the same condition. It is 
shown that the synchronous averaging process employed in this study effectively removed 
the noise and randomness in the signals while preserved the most useful information 
correlating to major mechanical events of the diesel engine. The averaging process also 
minimized the effect of amplitude variation in the signal which is critical for an accurate 
signal characterization of a diesel engine fault.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 5 Comparison of the raw and synchronous averaged AE RMS signals 
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Fig. 4 Comparison of the raw and synchronous averaged in-cylinder pressures 
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3.2 Signal characteristics of the simulated injector fault in crank angle domain 
To evaluate the effect of the simulated injector fault on the engine combustion, the 
synchronous averaged pressure signal of Cylinder 1 for the normal and faulty injector cases 
at various loading conditions are compared in crank angle domain as shown in Figs. 6(a) 
-6(d). It is shown that the effect of the faulty injector on the engine combustion process is 
insignificant for all loading cases. This is because that the simulated injector fault only 
affects the fuel spreading pattern during injection but not the fuel volume injected to the 
cylinder. Thus, the time waveform in-cylinder pressure signal will not be affected much by 
the simulated fault, which is thus an ineffective condition monitoring indicator to detect 
similar incipient injector faults in practical applications. It was found that a direct Fast 
Fourier Transform (FFT) of the pressure signal was also not able to produce a conclusive 
finding of the fault (not presented in this paper). However, it is shown in the next section 
that the simulated injector fault could be detected by the in-cylinder pressure technique if an 
appropriate signal processing technique such as envelope analysis is employed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similar to the in-cylinder pressure signals, signal characteristics of AE RMS data due to 
the simulated injector fault at various loading conditions were also analyzed in crank angle 
domain in this study. Fig. 7 compares the averaged AE RMS signals for the normal and 
faulty injector cases at various engine loading conditions. Also shown in Fig. 7(d) are the 
synchronous plots of the combustion related events of the diesel engine correlating to major 
AE RMS peaks, in which, EVC denotes exhaust valve closing, EVO stands for exhaust 
valve opening, IVC represents inlet valve closing, IVO represents inlet valve opening and 
COMB denotes engine combustion. The numerical index following these acronyms refers to 
the particular cylinder which a mechanical event is associated. It should also be noted that 
the valve timings shown in the figure were manually shifted to the left by 3 degrees from 
the measured static values of the valve timing, to account for the effect of engine speed 
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Fig. 6 Comparison of the averaged in-cylinder pressure at the normal and injector fault conditions; (a) 
unload; (b) 1/3 load; (c) 2/3 load; and (d) full load. 
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variation and arriving time delay of acoustic waves, and for a better matching of the valve 
timing with the corresponding AE RMS peaks to assist the understanding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is observed that the simulated injector fault does not have a clear effect on the 
averaged AE RMS signals for the first three engine loadings (i.e., unload, 1/3 load and 
full2/3 load). Nevertheless, Fig. 7(d) shows that there were significant energy changes for 
the AE RMS peaks correlating to the two major mechanical events of Cylinder 1 – EVC1 
and COMB1 when the engine was operated at full load condition. This interesting result 
indicates that acoustic emission technique is capable of detecting the simulated incipient 
injector fault in crank angle domain (at full load) even though the more traditional 
in-cylinder pressure technique fails to identify the small incipient fault in the same domain.  
3.3 Signal characteristics of the simulated injector fault in order domain 
Fig. 8 compares the low frequency components of the enveloped spectrum of the in 
cylinder pressure signal for the normal and faulty injector cases at various engine loading 
conditions. The order components were averaged across ten enveloped spectral (from 10 
data files) for each engine loading condition to minimize the effect of amplitude variation in 
the analysis. It is illustrated that the amplitude of the low frequency order components (i.e., 
the order components less than 5 times of shaft frequency) of the enveloped pressure 
spectrum at all loading conditions increases uniformly from those of the healthy engine case. 
This coherent feature indicates that the simulated injector fault can be detected by 
in-cylinder pressure technique when an appropriate signal processing technique such as 
envelope analysis is employed to post process the in-cylinder pressure data. However, 
applications of the in-cylinder pressure technique for condition monitoring of diesel engine 
Fig. 7 Comparison of the averaged AE RMS at normal and faulty injector cases;(a) unload; (b) 1/3 load;
(c) 2/3 load; and (d) full load. 
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faults are still limited by the intrusive nature of the method as discussed in Section1.  
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Fig. 8 Comparison of the order components of the enveloped pressure spectrum for normal and faulty 
injector cases; (a) unload; (b) 1/3 load; (c) 2/3 load; and (d) full load. 
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Fig. 9 Comparison of three major order components of the AE RMS frequency spectrum for the normal and
faulty injector cases; (a) unload; (b0 1/3 load; (c) 2/3 load and (d) full load. 
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Fig. 9 shows the three major order components of the power spectrum of AE RMS 
signals at various engine loading conditions. The pattern shown in the figure is consistence 
for all engine loading conditions, i.e., it has an increase amplitude order component at twice 
the shaft speed and decrease amplitude order components at fourth and sixth times of the 
shaft speed. The unique signal pattern demonstrated by the major order components of AE 
RMS signals for the simulated fault can be employed to diagnostic similar injector faults in 
practical applications.   
4. Conclusions 
This paper presented an experimental study to understand the signal characteristics of a 
simulated injector fault in both crank angle and order domains by using acoustic emission 
and in-cylinder pressure techniques. An event driven synchronous averaging technique was 
employed to average the quasi periodic signal in time domain to overcome the effect of 
engine speed variation, and to enable a sensible comparison of condition monitoring signals 
in time (crank angle) domain.  
In contrast to the common assumption, it was shown that the time domain in-cylinder 
pressure signal did not provide a good indication for the simulated injector fault. This is due 
to the fact that the simulated injector fault only affects the fuel spreading pattern during 
injection but not the fuel volume injected to the cylinder. The fault thus has insignificant 
effect on the engine combustion and could not be detected by directly comparing the time 
domain in-cylinder pressures between the healthy and faulty injector cases. It was further 
illustrated that the simulated fault has a clear effect on the low frequency order components 
of the enveloped pressure spectrum, which demonstrates a coherent feature at all engine 
loading conditions.  
The study also showed that acoustic emission technique can detect the simulated 
injector fault in the time domain when the engine operated at full load condition. Similar to 
the enveloped pressure spectrum, unique signal patterns were also found in the major order 
components (2, 4 and 6 times of shaft frequency) of frequency spectral of AE RMS signals 
at various loading conditions for the simulated injector fault. The coherent feature revealed 
in the AE signal due to the simulated fault can be employed for condition monitoring of 
similar incipient injector faults of diesel engines in practical applications.   
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